INTRODUCTION
In recent years we have seen the growing interest in the exploitation of seabed deposits. This is due to the increase in demand for minerals. The use of areas of shelves in sea mining (Karlic 1984 , Depowski et al. 1998 ) provides a number of raw materials, not only oil and gas but also metallic materials such as titanium, zirconium, tin, gold, platinum and ferruginous sands, diamonds, phosphate rock, gravel and sand. The increasing interest has been stirred in huge areas of polymetallic nodules and polymetallic massive sulphide (SMS) (Abramowski & Kotliński 2011 , SPC 2013 . However, their operation is associated with many problems in science and technology (Sobota 2005) . Nautilus Minerals can boast about the biggest success to date leading exploitation at the depth of approx. 1600 meters on Solwara (www.nautilusminerals.com). Transport from the seabed at significant depths to the surface has posed the biggest problems for researchers and designers so far. The proposed solutions to date have their advantages and disadvantages (Sobota 2005 , SPC 2013 , the largest of which is their high energy intensity affecting the high cost. Therefore the search for less cost-intensive methods has been developing. Science and Technology, Krakow, Poland ABSTRACT: In recent years we have observed the global growing interest in undersea exploitation of mineral deposits. Research on various concepts of operating systems on the seabed has been conducted, where different methods of transporting excavated material from the bottom to the surface are used. Great depths, where there are the most interesting resources (eg. IOM lot for the Clarion-Clipperton 4500 m) set very high technical and technological demands which results in intensive search for solutions. The authors of the paper want to explain the concept of the use of pyrotechnic materials for transportation in the aquatic environment. The presented method is designed for the cyclic transport from great depths (less than 200 m from the seabed). The principle of operation of the relay unit is based on the change in the average density of the entire module which is inseparably connected with the force of buoyancy acting on the submerged body. Changing the density of the whole module to the given depth of immersion is strictly dependent on the amount of energy supplied to the system by a power source in the form of a controlled pyrotechnic reaction. However, during the ascent energy demand decreases. The problem of transport of spoil from depth not only boils down to such considerations as initiation of the process of ascent. One should also consider how to use the excess energy occurring during the movement of the object toward the surface. The authors of the paper present the concept of making the transport of cyclic depths (less than 200 m from the seabed) taking into account the optimal use of energy from controlled pyrotechnic reaction. The authors proposed the implementation of a new method which involves the use of pyrotechnics as a source of energy in transport from the seabed at significant depths and presented its theoretical aspects and also carried out experiments (Filipek & Broda, 2016 , 2017 . Both the depth which can be used in this method and determination of the energy required for transport were shown, depending on the density of the transported material (output). Control methods for pyrotechnic reaction were also proposed. The results confirmed the possibility of the use of pyrotechnic materials for the transportation from significant depths.
In the article the authors compare three concepts for the transport of excavated material from the seabed in terms of energy demand.
Considering the first concept, we are estimating what amount of energy is needed to pull the load from a certain depth to the surface. In the next concept, based on hydraulic transport, we define minimum energy guaranteeing the output mining from the seabed. In discussing the third concept, based on the use of controlled pyrotechnic reaction as a source of energy for transport from the seabed, we focus on the comparison of the method of transportation with the previous energy conditions in order to determine its suitability.
In our deliberations, the benchmark is Ep potential energy. For greater transparency of considerations relating to the first and second concept, we assume that every transported load of m mass and V volume, can be replaced with the theoretical sphere of r radius of the same weight and volume and  density.
DETERMINATION OF THE MINIMUM ENERGY
REQUIRED TO PULL THE LOAD FROM H DEPTH.
In our deliberations we skip rope impact on movement issues. We assume that the load (output and the container) has the shape of a sphere of r radius. The average density of the transported cargo is , and the density of the surrounding fluid load is p. We are considering mining (transport) of cargo from H depth. The extracted load (emerging) out of this depth of v velocity is affected by Fv resistance force of movement in liquid and the Q power being the difference in the weight of Qc load and buoyancy Qw (1).
Since we have assumed the spherical shape of the load -V = ¾ r 3 . Therefore:
As the load moves towards the surface in the liquid of significant density, we should take into account the resistance to motion which, for an object moving in a liquid v velocity, can be represented in general form (Roberson &Crowe 1995 , Tuliszka 1980 , Duckworth 1977 
Where Cx means drag coefficient. The situation above is shown schematically in Figure 1 . The amount of energy required for the ascent of the object at the given depth to the surface without the impact of the rope is marked for the first method with E1. This energy is equal to the sum of the Ep potential energy and the energy associated with Ev movement:
Ep potential energy in accordance with generally known equation is equal to the product of the force and the distance. According to this:
And Ev -related energy amounts to
In sum for E1 (7)
An interesting finding, according to the authors, is what constitutes the ratio of the energy associated with Ev movement to Ep potential energy. It should be noted that the potential energy is always the same for the depth and density of the fluid, and the energy associated with the movement depends on the velocity and this is the only type of energy that we can control (velocity change), and it has an impact on transport costs. This ratio takes the following form:
where:
After transformation of (8) we obtain:
Substituting the above equation in (4) formula, we obtain:
From the above equation it can be concluded that the total energy E1 is the square function of v velocity of the transported load.
DETERMINATION OF MINIMUM ENERGY GUARANTEEING THAT THE LOAD WILL BE TRANSPORTED IN THE MOVING FLUID
The starting point for our consideration is to determine the minimum fluid vp velocity at which you we can balance the transported weight adopted in line with the shape of a sphere.
In our discussion, we assume also that the sphere does not move or v = 0 (equilibrium). Under this assumption, Fv resistance movement in the fluid will be directed against Q force. This situation is presented in Figure 2 . In the case in question when v = 0 forces Q and Fv must be equal. Thus:
After substituting (2) and (3) values for vp velocity we obtain:
From this equations we determine the desired vp velocity of the liquid:
In order to check the accuracy of our considerations, we calculate Ev equations (for vp velocity), which is marked as Evp to Ep. For the case when v = 0 this equations should constitute 1. Therefore:
Substituting the following equation (13) into the formula below we obtain:
In this way we may conclude the correctness of our reasoning.
In the next step we will move the load inside the pipe of R radius and H length (height), wherein the load is transported to the surface. Velocity of the fluid in the pipeline is vp and the density p. Let us consider the above case where the forces Q and Fv are equal, i.e., load is at rest (rate of load ascent v = 0). In our deliberations we have to take into account the energy needed to impart vp velocity for the fluid in the pipeline and the energy loss line. We do not take into account the local loss, which actually occurs because we consider the simplest case of a simple pipeline. In fact, due to the omitted loss, local energy demand will be far greater. Starting from Hagen-Poisseuille equation (Roberson & Crowe 1995 , Tuliszka 1980 , Duckworth 1977 , we determine the linear losses (in the form of pressure loss):
Thus Es loss energy equals:
where V is the volume of liquid flowing at vp through the perpendicular section of the pipeline of R radius and in t time. Thus
whereas flow time can be determined in a simple equation t=H/vp. After substitution we obtain:
Finally, loss energy will amount to
Total energy E2 required that the load is in a steady state (v = 0) is the sum of the energies Es and loss of kinetic energy Ek liquid
After substituting (20) equation to the formula above and the known equation for kinetic energy we obtain
Substituting equation (13) to the formula above we obtain:
Comparing the resultant energy dependence of the potential energy required to transport the load (5), we obtain the equation:
Comparing the parameters appearing in the formula above, we conclude that this ratio will always assume the value greater than 1 and thus the total energy needed to maintain the load at steady state is always greater than the potential energy.
THE CONCEPT OF OPTIMIZING THE USE OF ENERGY FROM THE CONTROLLED PYROTECHNIC REACTION IN TRANSPORT FROM THE SEABED.
In our paper (Filipek & Broda 2016) we demonstrated that the description of the pressure distribution as a function of depth is virtually impossible without the knowledge of the local change of the density of liquids with the altitude and the local changes in the gravitational acceleration of depth. Therefore, we assumed that the pressure of 1 bar corresponds to the pressure of 10 m of water column (0.1 MPa). Or 
From the considerations set out in the papers (Filipek & Broda, 2016 , 2017 it turns out that in the case of using a controlled pyrotechnic reaction as a source of energy for transport from the seabed, two main reaction products emerge, namely carbon dioxide and nitrogen. Due to the low pressure of condensation (e.g. at as low pressure as 4 MPa at temperature of 4 °C (277 K), which corresponds to the pressure at depth of 400 m, carbon dioxide is transformed from a gas to liquid) we can therefore regard it as an adverse reaction product which should be eliminated. At pressures above 22 MPa (which corresponds to the depth of 2200 m), the density of the liquid CO2 is greater than the density of water. Accordingly, the CO2 as the reaction product became a negative ballast.
Let us assume that in further consideration the working medium will be pure nitrogen at a temperature equal to the temperature of the surrounding fluid. This does not mean that our concept of cyclic transport of CO2 will not be included as a working medium. Works on the solution to this problem are underway and the results will be the subject of subsequent publications. In further discussion, in order to determine the hydrostatic pressure and medium density ρp, where the transport takes place we adopted clean water. Justification for the choice were presented in the paper (Filipek & Broda 2016) . Graphs of the density of water, carbon dioxide and nitrogen pressure (hydrostatic pressure), temperature of 4 °C (277 K) are shown in Figure 4 . The article (Filipek & Broda, 2016) introduced the equation (26) determining the ratio of the total energy to potential energy in relation to the concept of using a controlled pyrotechnic reaction as a source of energy for transport from the seabed:
wherein in our discussion ρα is the density of the controlled pyrotechnic reaction cooled to ambient fluid. In view of the above described assumptions, ρα is therefore density of nitrogen at a given pressure (hydrostatic pressure) and at a given temperature.
The above relationship as function of pressure is shown in Figure 5 . In our concept, in order to retrieve the load of V volume and ρ density, we should generate Qw buoyancy by creating Vα volume and ρα density as the result of the controlled pyrotechnic reaction. The desired Vα volume can be derived from the equation (Filipek & Broda, 2016) :
In fact, Vα value is closely related to depth, and hence to the hydrostatic pressure. Due to this fact, more correct form of (27) equation is (28)
The analytical solution of the above equation exists. The authors worked it out but because of a complicated form authors used in this case, the iterative method is applied, assuming that the lowermost part of the system is at a depth corresponding to the pressure of 100 MPa at a depth corresponding to the final pressure of 1 MPa. The individual elements of the transport system are spaced (vertically) with a distance corresponding to the pressure of 1 MPa.
The results are shown in the graph (Figure 6 ), assuming that o=/pp where pp is the density of the fluid at the surface. From the graph it is clear that the system has a large reserve of energy as such for example for o= 2 system it can also transport the 36-times the volume of transported load in one Vo segment, of course, with the established intervals between the segments.
In the next step we will try to determine how much energy we are able to recover with the previously made assumptions. Let us convert (26) into the following form:
Where Ep potential Energy can be expressed with the following equation
which was derived in Filipek & Broda (2016) . Substituting (34) into (33) we obtain
E energy increase resulting from V volume increase amounts to:
Considering relation E/E3 we obtain
For the whole transport system with the previous assumptions (37) equation takes the following form:
On the basis of the equation we can compile a graph (Fig.7) Figure 7. Relation of multiplicity factor to the related density of the  transported load to pp fluid density at the surface.
In the graph we can clearly observe the extremum. The optimal energetic status of the system corresponds to this extremum.
CONCLUSION
In this paper, considering energy demand in the three concepts of output transport from the seabed, the authors adopted in fact Newtonʹs first law as a point of reference: ʺif the body does not act affected by external forces, or the forces are balanced, the body remains at rest or moves with rectilinear uniform motion ʺ which is the development of the Galileo's ideas (Halliday &Resnick 1978 , Feynman 1963 . He noted that if we remove the obstacles to the movement, it will no longer be necessary to support the movement by any force. Rectilinear uniform motion will be performed by itself, without any external help. Such movement is sometimes referred to as free movement. Such adoption of the reference point allows to determine energy demand, but from the physical point of view we have to take into consideration three different cases in fact although in each case operating forces are balanced. In the first case, considered transported load to be taken to the surface is held at a constant v velocity, therefore, according to Newtonʹs first law of motion the motion is rectilinear and uniform. In the second and third case the v velocity of the objects equals zero. As a result, theoretically considered object will never reach the surface. However, both these cases also substantially differ from each other physically. In the second case we have from the physical point of view the so called system of stable equilibrium (Halliday &Resnick 1978 , Feynman 1963 and unless deliberately intended otherwise, the body is at rest.
In order to retrieve the transported object to the surface we must provide additional energy which will be greater than the value determined from the equation (23). While in the third case under consideration we have, from the physical point of view, the system of the so called unstable balance (Halliday &Resnick 1978 , Feynman 1963 . Slight deflection of the object in question from the point of equilibrium results in the freedom of movement without the need to provide additional energy. In order to compare these three concepts unambiguously for the transport of load from the seabed to the surface, we must clearly align the method based on which will base the comparison. Assume that the reference is the minimum energy Eo necessary for a considered object to remain at rest v = 0, that is, a steady state and providing a higher energy Eo = E + dE allowed to start the process of its ascent. In the first considered case for v = 0, we obtain, in accordance with equation (10), E1 = Ep = Eo.
In the latter case of converting the equations (24) we obtain:
In this equation Cx is unknown, the value of which in a general way, we are not able to determine without knowing the geometry of the load being transported by pipeline of R radius. Assumption adopted earlier to replace this load with a sphere is of course correct when it comes to such a size as V, r and . It does not concern Cx parameter.
A rough value of this parameter can be estimated as Cx <1. The ratio R/r can be replaced by the value of volume concentration Cv (Sobota 2005) which has a value within a range of from 0.1 to 0.16. Linear Drag coefficient  falls between 0.0076 to 0.0101 (Sobota 2005) . R value, however, is generally less than 1 [m] . From these considerations emerges a picture of a very energy-intensive methods of transporting excavated material from the seabed to the surface.
More preferred approach is to use the method of controlled pyrotechnic reaction as a source of energy in transport from the seabed. In the case, when the working fluid is nitrogen ratio of E3 to Eo is shown in Figure 5 , which shows that this ratio does not exceed 2.4. This method, however, is more energy-intensive than the method analyzed as first. However, there is one very positive aspect of this method. In the first method, there is an additional demand for energy, which is directly proportional to the square of the speed of ascent object on the surface. In the case of the third method, once initiated, the process of ascent is theoretically self-supported. Additionally, it generates excess energy that can be exploited.
In Figure 6 and the equation (31, 32) it is evident that the application of controlled pyrotechnic reaction as a source of energy for transport from the seabed is much more advantageous in the case of using a serial connection than the conveying elements for the transport of a single load.
